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NANOPHOTONICS FOR ULTRA‐THIN CRYSTALLINE SILICON PHOTOVOLTAICS: 
WHEN PHOTONS (ACTUALLY) MEET ELECTRONS 
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ABSTRACT: Nanopatterning has recently demonstrated to be an efficient method for boosting the light absorption  
of thin films (< 50 µm) of crystalline silicon. However, convincing solar cell results are still missing. The goal of the 
European project PhotoNVoltaics is to investigate the impacts that nanopatterns have on thin crystalline silicon solar 
cells and to identify the conditions for their efficient integration. The present contribution presents the main findings 
of the consortium so far. 
Optical modeling and optimization of nanopatterned thin-film c-Si cells have indicated a few trends regarding the 
design of the optimum pattern for 1-40 µm thin foils: merged inverted nanopyramids, with their progressive profile 
seem to provide the best combination of antireflective and light trapping properties, together with negligible surface 
damage and best coating template for subsequent process steps. But despite the high Jsc enhancement that these 
nanopatterns are expected to bring, and despite the higher efficiency of these nanophotonic structures for 1-2 µm-thin  
foils, the absolute Jsc values indicate that thicker foils will have to be preferred if direct competition with wafer-based 
and thin-film technologies is concerned. An ideal structure is taking shape as an IBC heterojunction cell, with a front-
side nanopattern and a thickness of 40 µm. 
Keywords: Light trapping, Thin Film Solar Cell, Texturisation, Simulation, Nanopatterning 
 
 
1 INTRODUCTION 
 
 Lately, many studies have discussed how the 
“Lambertian limit” of light trapping may be overcome by 
texturing crystalline silicon (c-Si) solar cell surfaces at 
the light wavelength scale, rather than at the micron-
scale. Various simulations of periodic or non-periodic 
nanopatterns indicate, in fact, that significantly higher 
photon absorption may be achieved compared to micron-
scale texturing, especially for absorber thicknesses below 
100 µm. However, fewer publications present solar cells, 
and even fewer present solar cells with clearly higher 
energy-conversion efficiencies, thus showing that higher 
photon absorption does not readily translate into a higher 
electron collection. Nanopatterns are in fact challenging 
to integrate, because of the electrical degradation they 
introduce, and because of the optical degradation that 
they may undergo in later process steps. This integration 
challenge is yet inevitably to be overcome if thin c-Si 
foils are set to eventually replace wafers. This requires (i) 
modelling in order to identify the nanopatterns that 
provide the best photon absorption, (ii) fabricating these 
nanopatterns under the various experimental constraints 
set by the materials, and (iii) integrating such 
nanopatterns into solar cells without compromising their 
electrical performances (with the highest short-circuit 
currents and open-circuit voltage possible). Finally, 
suppressing the hurdle of light-absorption losses in thin 
film c-Si solar cells requires (iv) assessing the boundary 
conditions for an industrially-compatible nanopatterning 
and solar-cell process. That, is the objective of the 
European project PhotoNVoltaics. 
 We give here an overview on learning points that we 
have identified so far for reaching the best light-
harvesting nanopatterned c‐Si solar cells of 1 to 40 µm 
thickness. These learning points relate to the three first 
work domains listed above, namely modelling (Section 
3), nanopatterning (Section 4) and cell integration 
(Section 5). Their outcomes are combined into the 
perspectives (Section 6), a solar cell extracting 40 
mA/cm2 from 40 µm of c-Si. The framework is 
introduced in the next section. 
 
2 PROJECT APPROACH AND THIN-FILM C-SI  
 
 The approach of PhotoNVoltaics for identifying the 
thin-film c-Si cells that have the potential to compete 
with wafer-based photovoltaics (PV), is to sweep a 
maximum of possibilities, both in terms of nanopattern 
types and in terms of c-Si thin film types. The thin-film 
types cover monocrystalline and polycrystalline foils, 
grown by high and low-temperature CVD, with and 
without layer-transfer techniques, and go from 1 µm up 
to 40 µm thickness [1]–[4]. All these layers are held by a 
carrier substrate, thus eliminating the handling issues of 
processing thinner wafers, while enabling the processing 
at module level. The nanopatterns, periodic and non-
periodic, are the result of various combinations of three 
lithography and three etching techniques. The solar cell 
technology for their integration is an a-Si:H/c-Si  
heterojunction emitter cell (HET).  
 One should note that these c-Si cells are based on a 
purely crystalline material as wafer-based cells, 
monocrystalline or polycrystalline with grains larger than 
100 µm. It does not present any amorphous phase, like 
thin-film microcrystalline-silicon cells, which have 
different optical and electrical properties (e.g. refractive 
indices and minority-carrier recombination lifetime). It is 
thus an intermediate between the c-Si bulk technology 
and the amorphous and microcrystalline technology, 
sharing respectively their material quality and thickness 
range. 
 
3 IDENTIFYING THE BEST NANOPATTERNS BY 
MODELLING  
 
Computer modelling is the most convenient approach, in 
terms of time and effort, for identifying the most 
beneficial nanopattern morphology (i.e. its pitch, filling 
fraction, and profile shape) to reach the highest short-
circuit current (Jsc) possible for a specific solar cell 
architecture. We present a few trends of nanopattern 
designs that could be extracted from a first optimization 
campaign, after illustrating two aspects that may seem 
obvious, but that should not be forgotten when analyzing 
simulation results.  
 
3.1. Optimizing the right figure of merit 
3.1.1. Calculating the absorptance of active layers only 
 Optical simulations typically outcome the photon 
absorptance of the given structure. Absorptance is also 
the value that can be measured most straightforwardly in 
experiments. However, the absorptance of the complete 
stack (with ARC, rear-reflector, ...) is not directly giving 
an output of the Jsc, since only a few of the layers will 
actually generate electrons that can be collected by the 
contacts. Extraction of the actual figure of merit, the Jsc, 
requires isolating the number of photons that are 
absorbed in electrically active layers, i.e. in our case the 
c-Si base. 
 For example, as can be seen in Figure 1, the 1-µm-
thin c-Si solar cell below showed a very high absorptance 
on long wavelengths after nanopatterning its front side. 
But its external quantum efficiency (EQE) demonstrates 
that it did not translate into collected electrons. As 
displayed in the breakdown calculation of the stack 
absorption, a large part of the photons was in fact 
absorbed in a non-active zone, the Al rear contact. One 
may see that the transparent conductive oxide (TCO) and 
the a-Si:H emitter also absorbed a significant part of the 
light on the short wavelength [5]. 
 
 
 
 
Figure 1:  (top) Absorptance and EQE of a 1-µm-thin 
solar cell (middle) with a flat or nanopatterned front 
surface. (bottom) Modeled localized absorption spectra of 
the unpatterned cell in terms of absorption efficiency, 
isolating the contributions of each layer. 
 
3.1.2 Matching the model to the actual (imperfect) 
experimental cell 
 When defining the modeled stack, many 
simplification assumptions are made, such as taking a 
perfectly geometrical shape for the holes, considering flat 
interfaces, uniform layer thickness or pattern diameter, ... 
which are valid only to a certain extent in representing 
the experimentally fabricated samples. It is important to 
check whether these assumptions have a strong influence 
on the end result. 
 The calculated Jsc in [5], for instance, was calculated 
to go from 15.60 with a perfectly conformal ITO layer 
down to 13.34 mA/cm2 with a non-continuous coating. 
The actual conformality of the layers was hence verified 
experimentally to design the best-matching model. 
 
3.2 Optimization maps 
 Optimization maps of thin-film cells with three 
different thicknesses and two etch profiles (Fig. 2), were 
modeled by RCWA or FDTD for the super-gaussian 
holes and the inverted nanopyramids, respectively. This 
study was based on the calculation of the light-absorption 
efficiency of the cell: 
 
 
where a and i are respectively the absorbed photon 
flux and the incident photon flux, A(λ) is the absorption 
coefficient in the active layer (given by simulations by 
FDTD or RCWA) and S(λ) is the normalized solar 
spectrum AM1.5G. Under the hypothesis of a perfect 
internal quantum efficiency, the short circuit current 
density of the cell is Jsc = ea where e is the charge of 
the electron. It can be noticed that a complete sunlight 
absorption by the silicon would lead to a Jsc of 43.5 
mA/cm². In order to maximize this Jsc, the optimization 
was performed by parameter scans. This scanning map 
allows determining large areas of optimum values, in 
order to take into account the experimental profile 
tolerances. The outcome for each film thickness is shown 
in Figure 3 for super-gaussian holes and a comparison 
between the two profiles can be found in Table I. 
 
 
Figure 2: Optimized solar cell structure with super-
gaussian holes (left) and inverted nanopyramids (right), 
composed from top to bottom of ITO (orange), a-Si:H 
(light grey), the patterned c-Si active layer (grey), c-Si 
back-surface field (dark grey), ITO rear-buffer layer 
(orange) and Al. 
 
 
 
 
Figure 3: Jsc maps in mA/cm2 by scanning the filling 
fraction ff and the pitch with a front-side 2D nanopattern 
with super-gaussian holes. The thickness of the active c-
Si layer was set to 1.1 µm, 8 µm and 40 µm (from top to 
bottom). The dashed line gives the limit above which the 
holes start to merge. 
 
Table I: Highest calculated Jsc for two c-Si thicknesses 
and nanopatterned with inverted nanopyramids or super-
gaussian holes. 
c-Si film / Jsc (mA/cm2) 1.1 µm 8 µm 40 µm 
Super-Gaussian holes 22.1 34.4  39.0 
Inverted nanopyramids 23.6 35.0  39.2 
 
 We can observe the following trends: 
- Higher Jsc are obtained with higher filling 
fraction (i.e. above purple line). Not 
surprisingly, this trend fits the need for a small 
amount of flat surface, for a more progressive 
index variation in depth. 
- Probably for the same reason, nanopyramids, 
with the most progressive profile, deliver a 
higher absorption than super-gaussian holes 
[6]. 
- The optima windows differ for each thickness, 
but a common “sweet spot” can be found 
around 700 nm pitch. The 1 µm case differs 
more and presents a second optimum window 
at a lower filling fraction that the others. This 
can be explained by the fact that, at this 
thickness, front and rear sides of the sample can 
interact better, with richer photonic effects [7]. 
 
 These trends let us conclude that the best nanopattern 
seems to be inverted nanopyramids that are perfectly 
merged. Not surprisingly, the interesting photonic effects 
are mostly efficient for micron-scale films. 
Unfortunately, micron-thin films still deliver a 
significantly lower Jsc than thicker foils, despite the 
strong improvement from the nanopattern. 
 
 
4 FABRICATING IDEAL NANOPATTERNED 
SURFACES 
 
 The nanopatterns are formed by combining a 
lithography technique, to define the pattern, with an 
etching technique, to transfer the pattern into the silicon 
surface. Our lithography techniques are i) laser-
interference lithography (LIL) [8] for quickly adaptable 
small-scale patterns, ii) nanoimprint lithography (NIL) 
[9] for wafer-scale imprint with potential up-scaling to 
industry, and iii) hole-colloidal lithography (HCL) [10], 
for controlled pseudo-periodic patterns with short-range 
order. The etching techniques are either dry plasma 
etching (ICP and RIE) or wet chemical etching (TMAH). 
These combinations, and particularly the possibility of 
controlling the etch profiles by tuning the etching 
conditions, lead to a large variety of nanopatterns for a 
wide range of textures. Currently, cost-calculations for 
these methods are on-going to determine if they could 
potentially be transferred to the PV industry, and under 
which conditions.  
 
 We present below two experimental boundary 
conditions that limit the pattern quality and the various 
reflectance curves that these combinations have delivered 
so far.   
 
4.1 Taking into account imperfections of etch processes 
 Most nanopatterning methods require a lithography 
step to define the pattern position, and they are thus often 
dependent on the surface roughness. This can be an issue 
in certain types of c-Si films, such as polycrystalline Si, 
as illustrated in Figure 4, where standard NIL results in a 
lower surface coverage, around 75%, which visibly alters 
the light trapping effect. HCL, on the other hand, is 
perfectly suited and leads to a coverage near to 100%. 
The NIL process may also be adapted for more 
conformality (e.g. reversal imprint, or substrate 
conformal imprint lithography). 
 
 
Figure 4: HCL-patterned (left) and NIL-patterned (right) 
polycrystalline-Si sample with a roughness of 250-500 
nm (rms) leading to a pattern coverage of almost 100% 
and 75% respectively. 
 
 Another limitation that should be noted is related to 
the wet-etching processes. Wet etching, which is crystal-
orientation dependent, results in formation of pyramidal 
profiles following the {111} planes. It is an important 
process since it can provide the best optical properties, 
(and as discussed later also better electrical properties) 
provided a high filling fraction (ff) can be reached. If 
perfectly aligned holes may reach 95% of ff with an 
imprint perfectly aligned to the crystal planes, pseudo-
periodic holes may not allow it. In fact, the irregular 
distance between pyramids leads locally to their merging 
into larger pyramids (Figure 5), which alter the optical 
properties and may limit the (theoretically) promising 
performance of these pseudo-periodic nanopyramids. 
 
 The limitations can be taken into account when 
opting for a nanopattern from optical calculations, and 
that leads to checking the sensitivity to the parameters 
and selecting wider windows of Jsc (though lower), 
rather than aiming at a few tens of extra mA/cm2 in a 
more challenging zone.  
 
 
Figure 5: Undesired merging of inverted nanopyramids 
in a pseudo-periodic pattern, leading to inverted micron-
scale pyramids, with lower light trapping properties. 
 
4.2 Experimental reflectance curves 
 An example of wet-NILed nanopatterned film, 
compared to the benchmarking standard texture of 
micron-scale random pyramids is shown in Figure 6. The 
sample is a bare foil with a textured front side that was 
bonded to glass with a highly transparent silicone. The 
absorptance measurement – in which we can assume the 
absence of parasitic absorption - shows clearly that the 
nanopattern leads to a better collection of longer 
wavelength photons than the random micron-scale 
pyramids. However the antireflective properties, visible 
from the shorter wavelength, are not improved or even 
less good.   
 
 
Figure 6: Absorptance curve of a bare 40-µm-thin c-Si 
foil textured with random micron-scale pyramids and 
nanoimprinted structures with parabolic-shaped holes 
(dry-NIL) and inverted nanopyramids (wet-NIL).  
 
 These antireflective properties can be compared by 
patterning a thick wafer (700 µm) with various patterns, 
without ARC. These results are benchmarked on Figure 
7. Combinations of wet and dry etching with ordered 
(NIL) or pseudo-ordered (HCL) structures are shown. An 
alternative texture, dry-HCL on random pyramids, is also 
shown, that combines wave optics and ray optics, and 
demonstrates the perfect conformality of HCL, even on 
such a large-scale corrugation. We may see that the 
reflectance can be decreased as compared to random 
pyramids, but only with a careful control of the filling 
fraction (cf. wet-HCL and dry-HCL curves). Eventually, 
one may note that random-pyramid texturing (RPT) is a 
challenging benchmark, if it can actually be applied to 
the foil (i.e. where one may afford to lose 5 µm of 
material during the etching step). If not, in the case of 
ultra-thin films or expensive deposition techniques, 
nanopatterning efficiently fulfills its light trapping duty 
consuming only a few hundreds of nm. 
 
 
Figure 7: Reflectance and SEM of various non-
optimized combinations of lithography and etching on 
wafers, without ARC, including a comparison with 
conventional random pyramid texturing. 
 
 
5 INTEGRATING THE NANOPATTERNS INTO 
SOLAR CELLS 
 
 The nanopattern has an impact both on the electrical 
performance of the material itself and on those of the 
coatings on top. So far, the typical trend in cell 
performances when integrating nanopatterns is a higher 
Jsc, and a drop in open-circuit voltage (Voc). As in the 
example below, the fill factor (FF) can sometimes also be 
significantly affected. Overall, the energy-conversion 
efficiency (η) stays constant or may even drop [11]. 
 
 
Figure 8: Solar cell stack of 4 µm grown by low-
temperature PECVD on a highly-doped (non-active) p++ 
Si wafer [2]. 
 
Table II: Measured I-V performances of PECVD-Si 
solar cells with wet- and dry-etched front nanopatterns. 
 
Texturing Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η 
[%] 
Flat 15.9 492 74.9 5.9 
Dry-NIL 6.9 393 57.5 1.5 
Wet-NIL 19.9 501 79.2 7.8 
 
5.1 Controlling surface recombination velocities 
 The challenge of surface passivation is today a well-
known issue for nanopatterning. In fact, a degradation of 
surface recombination velocity is often observed, due to 
the increase of surface area, the difficulty of passivating 
the corrugations, and the damage induced by dry-etching 
methods. Solutions that are being proposed in the field 
are rather broad: avoiding the texturing of silicon and 
applying the nanopattern on dielectrics deposited on top 
of a passivated flat silicon surface [12],  limiting the 
etched area [13], using conformal passivation and/or 
tuning the etching conditions so as to limit [14] or avoid 
the damage [15], or then treating the surface damage 
[16].  
 In the case of our wet-etched inverted nanopyramids, 
we have demonstrated that a surface recombination 
velocity as low as 8 cm/s can be reached with a-Si:H as 
passivating layer [6]. As for dry-etching however, we 
have not yet been able to passivate it as efficiently, 
especially for deeper corrugations, which are more 
efficient from an antireflection point of view. One of the 
possible reasons is the insufficient a-Si:H conformality, 
as discussed below. 
 
5.2 Taking into account conformality of coatings 
 The materials deposited on top of the nanopatterned 
c-Si film can be affected by its topography, depending on 
the deposition technique (ALD, PECVD, sputtering, 
thermal evaporation etc...), which can affect their 
properties. This is why ALD has often been proposed as a 
solution for passivating demanding surfaces. However, 
not only passivation but also other coatings are affected. 
 
 
 
Figure 9: (top) TEM of nanopatterned Si wafers with 
different etched profiles, showing that the thickness 
uniformity is affected for all materials, possibly leading 
to a discontinuity of the coating. (bottom) SEM view, 
showing the voids inside the metal layer. 
 
 A TEM investigation was performed in order to 
check the thickness uniformity of various coatings along 
the pattern. In the present case, a-Si:H, ITO, and 
Ti/Pd/Ag were deposited by PE-CVD, sputtering and e-
beam evaporation, respectively. As expected, deeper and 
more vertical patterns prevent the continuity of the layers. 
The inverted nanopyramids present the most favorable 
case, where all layers are continuous (though the 
presence of local holes in the Pd layer could be noted). In 
the deepest structure, etched by RIE, the metals do not 
even contact the bottom of the hole and only 2-3 nm of 
ITO are present on the sidewalls. Continuity of a-Si:H is 
ensured in all cases, however its thickness also drops to a 
few nm only, which most probably affects the 
passivation. 
 Macroscopically, the conformality of the contacting 
layers translates into an increase of the cell’s series 
resistance (participating to the drop in FF, as seen in 
Table II). TLM measurements confirm that the sheet 
resistance of the ITO-Ti/Pd/Ag stack increases 
significantly on a dry-etched profile, from 50 to 80 Ω/sq 
[17]. This increase can be attributed to the non-
conformality of the ITO rather than to the non-continuity 
of the metal alone, whose sheet resistance is not 
significantly affected by the voids. On a microscopic 
level, however, the non-uniformity of the coatings may 
have a stronger impact on the local fields, which will 
have to be investigated further. 
 
 
6 FURTHER CELL OPTIMISATION 
 
 When taking all of these learnings into account, the 
conclusion for the design of a high-performance thin-film 
c-Si leads us to a heterojunction interdigitated back-
contact cell (IBC), with a front-side nanopattern of 
inverted pyramids. In fact, as observed above, the 
nanopyramids formed by wet etching enable reaching 
very low recombination velocities, have excellent optical 
properties and degrade the less the coating properties. 
Then, positioning the emitter at the rear side would avoid 
the need for a TCO at the front side (which can absorb an 
important fraction of photons in the 300-600 nm range as 
shown in Fig. 1) and of patterning the (sensitive) emitter 
[18]. Secondly, putting all contacts on the rear-side 
makes processing more straightforward because of the 
presence of a foreign substrate, it eases module 
processing and prevents shadowing losses. Finally, the 
choice of a heterojunction derives from the need for low-
temperature processes with a (low-cost) foreign substrate, 
so as from the strong need for excellent passivation in 
thin devices. 
A few questions on the design of this IBC cell are 
discussed below. 
 
6.1 Optimization by a genetic algorithm 
 An optimization campaign was run to define the 
optimum nanopattern and layer thicknesses that this 
structure would require, for three film thicknesses of 
1.1 µm, 8 µm and 40 µm. This time, rather than simple 
scans, in order to explore a complete set of parameters in 
combination, a genetic algorithm developed at the 
University of Namur was used [19]. This method enables 
the collective exploration of a broad range of parameters, 
without enduring an exponential explosion of computing 
time. The strategy consists in selecting from generation to 
generation the fittest individuals of a population (each 
individual is representative of a given set of parameters). 
New individuals are generated by crossing these selected 
individuals and by introducing random mutations in the 
coding of parameters. By this evolutionary strategy, the 
population generally converges to globally optimal 
solutions. The preliminary results of the calculation 
(Figure 10) confirm that an optimum nanopattern with 
random pyramids requires a high filling fraction (>85%). 
A Jsc of 40 mA/cm2 (or slightly higher as the calculations 
are not fully over) is predicted for a film of 40 µm. 
 
 
Figure 10: IBC cell stack modeled by RCWA and Jsc 
resulting from the genetic algorithm optimizing the 
absorptance of the c-Si films of 3 different thicknesses, 
and the corresponding variable values. These values are 
not yet the fully optimized ones, the algorithm being in 
the final refining step at this moment. 
 
 Nevertheless, this Jsc is still higher than the actual 
that may be expected from a real device. In fact, if the 
model takes into account the experimental limitations for 
the nanopattern fabrication (ff of 95% achievable at most 
via TMAH etching, non-uniform ITO thickness along the 
walls,...), real experimental optical constants, and 
practical boundaries for the cell stack thicknesses, it does 
also consider a (non-real) perfect electron collection 
efficiency of 100% over the whole spectrum. A future 
step will therefore be to take into account carrier losses in 
the device. 
 
6.2 Further minimizing the front-side losses 
 The photon absorption breakdown in the whole 
device above (Figure 10) shows that the highest parasitic 
absorptance, despite the replacement of a TCO by SiNx 
as ARC, is still originating from the front-side, and more 
specifically from the a-Si:H. A way of gaining a few 
tenths of mA may therefore be to replace it by a less 
absorbing passivating layer. AlOx may be an option but 
the requirement for a post-anneal and its lower efficiency 
on n-type devices makes it a non-ideal candidate. 
Another option would be to alloy this a-Si:H, as proposed 
in [20]. Preliminary results on wafers show an 
encouraging maintenance of FF and Voc, while 
increasing the Jsc, which leads to an outstanding 17.7% 
efficiency for a flat solar cell (Fig. 11) 
 
Figure 11: Stacks and J-V curves of heterojunction 
emitter wafer-based cells with standard a-Si:H emitter 
and lower-absorptance a-SiOx:H emitter. 
 
6.3 Single-side texturing or double-side texturing? 
 We have so far only discussed the patterning of the 
front-side of the thin film c-Si cells. However, double-
side patterning may also be performed and may be 
expected to bring a significant boost, although that is in 
practice more difficult than for wafer-based cells, since 
the carrier substrate limits the access to a single side at a 
time, and more than for a-Si/µc-Si cells, since the 
crystalline film cannot be grown on corrugated 
substrates. In the present case, the bonds between the film 
and its parent wafer or its carrier thus set strong 
“boundary conditions” on the nanopatterning, to avoid 
damage to the fragile foil. A set of FDTD simulations 
performed on a dual-patterned structure showed that the 
relative improvement in Jsc gained from a rear pattern, 
with respect to an optimized front-side pattern, quickly 
drops with film thickness as shown in Figure 12. For a 
film of 8 µm, the improvement would be less than 5% 
relative. Consequently, the foils that would provide the 
highest Jsc, with thicknesses above 6 µm, are those 
which would benefit the less from a dual pattern. It may 
thus be difficult for that little boost in Jsc to compensate 
for the extra costs related to the extra processes involved. 
 
Figure 12: (left) 1D Double-side patterned thin film solar 
cell. (right) Simulated Jsc as a function of the thickness 
of the Si active layer for double-side patterned cells, and 
relative enhancement compared to the front patterned cell 
having the same Si thickness. 
 
 Finally, an extra boost in Jsc as compared to the 
values given above may be expected from the use of 
“optimally disordered” nanopatterns. It seems in fact 
from recent studies that, between perfect order and 
randomness, the optimum light trapping would lie in 
between, with pseudo-periodic (such as those prepared by 
HCL) or quasi-random structures [21]. Further work is 
however needed to demonstrate whether the enhancement 
may still be significant for films thicker than 1 or 2 
micrometers, and whether simple fabrication methods 
may be found. 
 
 
7 CONCLUSION 
 Optical modeling and optimization of nanopatterned 
thin-film c-Si cells have indicated a few trends regarding 
the design of the optimum pattern for 1-40 µm thin foils: 
merged inverted nanopyramids, with their progressive 
profile seem to provide the best combination of 
antireflective and light trapping properties, together with 
negligible surface damage and best coating template for 
subsequent process steps. But despite the high Jsc 
enhancement that these nanopatterns are expected to 
bring, and despite the higher efficiency of these 
nanophotonic structures for 1-2 µm-thin  foils, the 
absolute Jsc values indicate that thicker foils will have to 
be preferred if direct competition with wafer-based and 
thin-film technologies is concerned. An ideal structure is 
taking shape as an IBC heterojunction cell, with a front-
side nanopattern and a thickness of 40 µm. 
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